Bombyx mori nucleopolyhedrovirus (BmNPV) triggers the global shutdown of host silkworm gene expression and protein synthesis approximately 12-18 h post-infection. Genome sequence analysis suggests that BmNPV ORF75 could be a flavin adenine dinucleotide (FAD)-linked thiol oxidase essential for virion assembly and virus propagation. Here, we report the crystal structure of BmNPV ORF75 at 2.1 Å (0.21 nm). The structure of BmNPV ORF75 resembles that of the thiol oxidase domain of human quiescin thiol oxidase (QSOX), displaying a pseudo-dimer of canonical and non-canonical thiol oxidase domains. However, BmNPV ORF75 is further dimerized by its Cterminal canonical thiol oxidase domain. Within the unique quaternary structural arrangement, the FAD-binding pocket and the characteristic CXXC motif from each monomer is 35 Å (3.5 nm) away from that of its corresponding molecule, which suggests that BmNPV ORF75 might adopt a deviant mechanism from that of QSOX to catalyse disulfide bond formation. Our thiol oxidase activity assay on the point mutations of the conserved residues participating in FAD recognition reveals an aromatic cage next to the FAD isoalloxazine moiety for substrate binding. These data suggest that the thiol oxidase activity of BmNPV ORF75 could be critical to catalyse the formation of the disulfide bonds of certain BmNPV proteins essential for BmNPV virion assembly.
INTRODUCTION
The discovery of Bombyx mori nucleopolyhedrovirus (BmNPV), a natural pathogen of the mulberry silkworm B. mori, was reported in the mid-1800s and visualized via electron microscopy in the late 1940s. BmNPV infects B. mori through the oral route and specifically targets the larval midgut tissues (Rohrmann, 2011) . BmNPV infection in silkworm results in a global shutdown of host gene expression and protein synthesis approximately 12-18 h post-infection (Katsuma et al., 2007) . During the infection cycle, BmNPV typically produces two different virus forms: occlusion-derived virus (ODV) and budded virus (BV). Although these two types of virion differ in the function, origin and composition of their envelope proteins, they are similar in their composition and architecture of their nucleocapsid. BmNPV nucleocapsid proteins are involved not only in capsid assembly but also in many other functions, such as DNA replication, repair and cell cycle regulation in baculoviruses (Belyavskyi et al., 1998; Lu & Miller, 1995; Olszewski & Miller, 1997; Willis et al., 2005) .
Many genetic experiments have been done with the baculovirus, given that the baculovirus expression system has been widely used as a biotechnology tool for protein expression both in academia and industry. However, few structural studies have been reported. In the literature, only several structures of Autographa californica multiple nucleopolyhedrovirus (AcMNPV) have been characterized (Changela et al., 2005; dela Cruz et al., 2001; Hakim et al., 2011; Ji et al., 2010; Kadlec et al., 2008) .
In order to provide insightful information to engineer a high-performance BmNPV-mediated silkworm bioreactor for the large-scale production of pharmaceutical-related proteins, we have initiated structural studies to systematically screen the structures of proteins essential for BmNPV nucleocapsid assembly to construct a threedimensional (3D) nucleocapsid model.
The genome sequence of BmNPV encodes~136 ORFs (Gomi et al., 1999) . Among them, more than 10 proteins have been suggested to be involved in nucleocapsid assembly by preliminary proteomic analysis and genomic comparison (Braunagel et al., 2003) . BmNPV ORF75 encodes a conserved core protein found in all sequenced baculoviruses (Fig. 1a) . Its AcMNPV orthologue (Ac92) has been identified as a structural component of both ODV and BV. Recent biochemical analysis indicates that Ac92 is (a) Sequence alignment of the related thiol oxidases from five species of baculovirus together with human QSOX. The invariable residues are shaded in black, whereas the highly conserved residues are shaded in grey. The GenBank accession nos for the sequences are as follows: BmNPV, L33180; AcMNPV, L22858; Xestia c-nigrum granulovirus GV (XecnGV, AF162221); Neodiprion sertifer nucleopolyhedrovirus (NeseNPV, YP_025131.1); Plutella xylostella multiple nucleopolyhedrovirus (PlxyMNPV, YP_758599.1); and QSOX1, 3LLI. (b) Stereoview of the BmNPV ORF75 structure presented in a cartoon view and coloured in a rainbow manner. BmNPV ORF75 contains nine a-helices and two short b-strands, displaying a two-domain architecture with four N-terminal a-helices (a1-a4) comprising the N-terminal domain and five C-terminal a-helices (a5-a9) comprising the C-terminal domain. The bound FAD molecule is located in the C-terminal domain and is in red. a flavin adenine dinucleotide (FAD)-linked thiol oxidase, which is essential for virion assembly and virus propagation (Long et al., 2009; Nie et al., 2011; Wu & Passarelli, 2010) .
To gain structural insights into the function of BmNPV ORF75, we determined the crystal structure of BmNPV ORF75 in complex with FAD at 2.1 Å (0.21 nm) ( Table  1 ). The crystal structure of BmNPV ORF75 reveals a pseudo-dimer of thiol oxidase, which resembles the structure of the thiol oxidase domain of human quiescin thiol oxidase (QSOX). However, BmNPV ORF75 displays a unique pseudo-dimer arrangement generated by one pair of kinked a-helices, suggesting that BmNPV ORF75/ Ac92 might adopt a deviant mechanism to catalyse disulfide bond formation. Our thiol oxidase activity assay confirmed that BmNPV ORF75/Ac92 is indeed an FADlinked thiol oxidase with the characteristic CXXC motif as the active site. In addition, we identified an aromatic cage next to the FAD isoalloxazine moiety for substrate binding.
RESULTS

Overall structure of BmNPV ORF75
The BmNPV ORF75 structure was determined by single anomalous diffraction (SAD) on seleno-methionine-substituted crystal diffracted to 2.1 Å (0.21 nm) resolution at space group C222 1, which was collected at beamline BL17U in the Shanghai Synchrotron Radiation Facility. The structure was further refined against the dataset on the native crystal diffracted to 2.1 Å (0.21 nm) resolution, which was collected in-house using a Rikagu X-ray diffractometer. There is only one molecule per asymmetrical unit with the model comprising residues 1-195 and 210-259 of the protein and one bound cofactor (FAD). BmNPV ORF75 consists of nine a-helices (a1-a9) and two short bstrands (b1-b2), divided into two domains (Fig. 1b) . The Nterminal domain contains an irregular four-helix bundle (a1-a4) with the a1-a2 bundle packed orthogonally to the a3-a4 bundle. The C-terminal domain contains a regular four-helix bundle (a5-a8) and a short fifth helix (a9). The FAD cofactor is buried inside the open shallow groove of the C-terminal domain, which is formed by the four-helix bundle. The isoalloxazine moiety of the FAD cofactor is deeply inserted into a pocket sealed by the kinked a-helix (a7), whereas the adenine moiety of the FAD cofactor is buried inside the pocket formed by a8, a9 and the wellordered long loop linking a8 and a9. The short a-helix (a9) is packed orthogonally to the a5-a8 bundle, providing aromatic residues to stabilize the adenine moiety of the FAD cofactor. N-terminal and C-terminal domains are linked by a long loop (residues 93-105) traversing across a1. The domain-domain interface is mediated by the a1-a2 bundle from the N-terminal domain and the a5-a6 bundle from the C-terminal domain. The long a1-helix plays a significant role in stabilizing the overall fold by packing orthogonally to the a5-a6 bundle and having extensive interdomain interactions (Fig. 1b) . The C-terminal domain displays a typical Erv thiol oxidase fold, whereas the N-terminal domain only resembles partial structural similarity to a typical Erv thiol oxidase fold, which lacks the characteristic CXXC motif and bound FAD cofactor. Notably, the arrangement of the N-terminal and C-terminal domains shows striking structural similarity to that of published structures of Erv thiol oxidase homodimers (Fig. 2a ). Such observations suggest that BmNPV ORF75 may be derived from a gene duplication event of a canonical thiol oxidase and subsequent fusion into the dimeric form. The active site and FAD-binding ability might be lost during evolution.
FAD-binding pocket and active sites
Although no cofactors were added for crystallization, crystallographic analysis of the C-terminal four-helix bundle structure at 2.1 Å (0.21 nm) resolution reveals a clear density map, which includes the adenine base moiety and the isoalloxazine moiety (Fig. 2b) . The distinctive feature of the unexpected electron density unambiguously indicates that this density belongs to an FAD molecule copurified with the BmNPV ORF75 from a bacterial cell, which confirms the observation that purified BmNPV ORF75 is yellow in colour. Consistent with this notion, the close orthologue of BmNPV ORF75, AcMNPV Ac92, was reported as an FAD-linked thiol oxidase with yellow colour (Long et al., 2009) .
BmNPV ORF75 C-terminal domain displays a typical Erv thiol oxidase fold. Like the conformation of the FAD cofactor with other Erv family members, FAD at the BmNPV ORF75 structure adopts a bent conformation with both the adenine base moiety and the isoalloxazine moiety bending 90 u away from the pyrophosphate bonds (Fig. 2b) . The bent conformation of the FAD cofactor is stabilized by numerous hydrogen bonds and p-stack interactions formed by highly conserved aromatic residues in the Cterminal domain.
As shown in Fig. 2(b) , the adenine moiety of the bound FAD p-stacks over highly conserved aromatic residues His 114 and His 225, whereas the isoalloxazine moiety of the bound FAD is buried inside an aromatic ring formed by the highly conserved residues W110, F106, H161 and Y162 (Fig.  2b) . Furthermore, the adenine moiety of the bound FAD molecule is further stabilized by the conserved M247 residue, whereas the ribose moiety of the bound FAD molecule pstacks over the conserved Y252 residue (Fig. 2b) . Moreover, the FAD molecule is further stabilized by multiple hydrogen bonds between the pyrophosphate and the surrounding conserved residues K232 and N229 (Fig. 2b ).
Similar to other classical functional baculovirus thiol oxidases, the BmNPV ORF75 C-terminal domain contains the characteristic WX 3 HX 45-46 HX 57-65 HNX 2 N motif, which surrounds the bound FAD cofactor and the wellstudied active site disulfide (C155-C158), which is located proximately to the isoalloxazine moiety of the FAD cofactor (Fig. 2b, c) . Notably, the BmNPV ORF75 Nterminal domain also contains two cysteine residues, C50 and C97, which are close enough to form a putative disulfide bond. However, these two cysteine residues belong to two different structural elements: one is located at the beginning of a2 and the other is located at the loop leading to a5. The disulfide bond formed by C50 and C97 does not belong to the typical CXXC motif, which is different from the disulfide bond formed by C155-C158 observed in the C-terminal domain (Fig. 2c) . Strikingly, structure superposition of the N-terminal domain with the C-terminal domain reveals the similar position of the disulfide bond in both domains, although the cleft formed among the a-helices in the N-terminal domain is smaller than that in the C-terminal domain and has no bound FAD cofactor, as can be observed in the C-terminal domain (Fig.  2c) . The real function of this uncharacterized disulfide bond (C50-C97) is not known at this moment. Sequence alignment shows that both Cys50 and Cys97 are replaced by other hydrophobic residues in many other baculoviruses (Fig. 1a) , which suggests that the C50-C97 disulfide bond may be involved in structure stabilization and is not essential for catalytic activity. Therefore, the pseudo-dimer arrangement observed in BmNPV ORF75 may represent gene duplication and fragment swapping events. One of the FAD-binding pockets was disrupted, probably during the fragment swapping and mutation process.
BmNPV ORF75 functions as a dimer
The apparent molecular mass of BmNPV ORF75 was determined as~65 kDa, which corresponds to a homodimer, in solution by analytical ultracentrifugation (AUC) experiments (Fig. 3a) . These observations are consistent with a dimeric arrangement observed in the crystal structure generated by a twofold axis with the dimensions of 46652678 Å (4.665.267.8 nm) (Fig. 3b) . Similar to other known Erv thiol oxidases, the BmNPV ORF75 dimer structure is mediated by its C-terminal domain accommodating the FAD cofactor. However, the BmNPV ORF75 dimerization interface involves two pairs of a-helices (a7 and a8) oriented almost perpendicular to each other. The dimerization interface is largely hydrophobic with the buried surface area of~3600 Å 2 (36 nm 2 ) per monomer. The unique kink of the long a7-helix, which contains the characteristic CXXC motif, makes a significant contribution to the dimerization. Within this dimer, the two bound FAD molecules and the active sites are located at the edge of the two opposite positions of the dimer, which is separated bỹ 35 Å (3.5 nm) (Fig. 3b) . The unique location and geometry of the active site suggest that the substrate should approach the active site from the outside due to steric restriction.
Structures of similar proteins
To identify structurally similar proteins of BmNPV ORF75, we performed a 3D search using the Dali-server (http:// ekhidna.biocenter.helsinki.fi/dali_server). Besides the recently published AcMNPV Ac92, a structural and functional close orthologue of BmNPV ORF75 (Hakim et al., 2011) , the best matches are African swine fever virus PB119L (Rodríguez et al., 2006 ) (viral thiol oxidase, Z-score 8.3, r.m.s. 2.8 Å , 92 Ca), human quiescin thiol oxidase (QSOX, Z-score 8.1, r.m.s. 4.7 Å , 174 Ca) (Alon et al., 2010) , mimivirus R596 FADbinding domain (Z-score 7.9, r.m.s. 2.5 Å , 95 Ca), Erv2p thiol oxidase (Gross et al., 2002) and thiol oxidase Erv1p (Vitu et al., 2006) . All these proteins are Erv thiol oxidase family members, harbouring an FAD-binding pocket. Among them, BmNPV ORF75 shares close structural similarity with the human QSOX domain (Fig. 4a) . Interestingly, both BmNPV ORF75 and QSOX contain two Erv thiol oxidase domains in tandem with the first Erv-like domain, lacking the characteristic CXXC motif and the FAD cofactor, whereas the second functional Erv domain comprises the CXXC motif and the FAD cofactor. However, BmNPV ORF75 is a dimer of a pseudo-dimer, whereas QSOX is a monomer of a pseudodimer. There is no evidence to show that the QSOX Erv pseudo-dimer is able to form a dimer in solution (Alon et al., 2010) .
Structural comparison of BmNPV ORF75 with human QSOX reveals the striking structural similarity not only of the overall structure but also at the FAD-binding pocket. In the human QSOX structure, the conserved CXXC motif adjacent to the bound FAD cofactor at the C-terminal Erv thiol oxidase domain is proposed to be the active catalytic site, whereas the N-terminal Erv-like thiol oxidase domain is proposed to be non-functional. Strikingly, the 3D structure, the structural CXXC motif, the conformation of the bound FAD cofactor and even the arrangement of the two thiol oxidase Erv domains are similar between BmNPV ORF75 and human QSOX (Fig. 4a) .
The remarkable structural similarities between BmNPV ORF75 and human QSOX suggest that BmNPV ORF75 is a real thiol oxidase. Consistent with this notion, the BmNPV ORF75 orthologue in AcMNPV, AcMNPV Ac92, displays thiol oxidase activity using DTT and thioredoxin as substrates (Long et al., 2009 ).
Although BmNPV ORF75 shares close structural similarity with human QSOX, BmNPV ORF75 adopts a different quaternary structure with the pseudo-dimer self-assembled to make a dimer of a pseudo-dimer. QSOX is a multidomain protein containing not only C-terminal Erv thiol oxidase domains in tandem but also one or two N-terminal Trx domains. Site-directed mutagenesis suggests that the C449-C452 disulfide bond within the first Erv domain of QSOX is essential for the activity, whereas the C509-C512 disulfide bond is dispensable for QSOX oxidation of substrates in vitro. Furthermore, the C70-C73 motif within the Nterminal Trx domain was proposed to serve as a physiological electron donor to the C-terminal Erv-like domain (Heckler et al., 2008) . However, BmNPV ORF75 only contains two Erv-like domains in tandem. The BmNPV ORF75 structure reveals that the C155-C158 disulfide bond, dimer is presented in a cartoon view, with monomers coloured in cyan and green. Right panel: BmNPV ORF75 dimer is presented in an electrostatic surface view with blue and red corresponding to positively and negatively charged areas, respectively. The putative substrate-binding pocket is indicated by the red circle. Bound FAD molecules, which are~35 Å (3.5 nm) away, are shown in stick model and are in red. The two a-helices (a7 and a8) involved in dimer formation are indicated, whereas the characteristic Cys residues (C155 and C158) are indicated in yellow.
instead of the C50-C97 disulfide bond, is located in proximity to the bound FAD cofactor (Fig. 4a) .
BmNPV ORF75 structure displays almost identical structural features to the recently published AcMNPV Ac92 structure (Hakim et al., 2011) . AcMNPV Ac92 and BmNPV ORF75 share almost identical sequences except A/T (aa 32), L/I (aa 169), A/V (aa 204), A/V (aa 206), I/S (aa 221), V/I (aa 228) and Q/K (aa 238) (Fig. S1a , available in JGV Online). As expected, BmNPV ORF75 and AcMNPV Ac92 share high structural similarity not only at the tertiary structure level (Zscore 33.3, r.m.s. 0.9 Å , 229 Ca) but also at the quaternary structure level, although BmNPV ORF75 crystallized in the space group C222 1 and AcMNPV Ac92 crystallized in space groups C2 and P1. Interestingly, there are significant structural differences along the loop connecting a-helices a2 and a3. At the BmNPV ORF75 structure, a2 is one turn shorter than that of AcMNPV Ac92, whereas a3 is one turn longer than that of AcMNPV Ac92 (Fig. S1b) . Subsequently, the non-essential and partially conserved Cys50 and Cys97 residues display different conformers in the BmNPV ORF75 structure, compared with the AcMNPV Ac92 structure (Fig.  S1b) . Hence, the C50-C97 disulfide bond is observed only in the BmNPV ORF75 structure, which could be formed due to the absence of reducing agents in the crystallization buffer.
Alternatively, this C50-C97 disulfide bond could have certain functional roles to sense the host environmental changes. However, the exact biological significance of this nonessential C50-C97 disulfide bond is still unknown. Nevertheless, the conserved dimerization interface observed in both structures suggests that BmNPV ORF75/Ac92 family proteins probably function as a dimer in vivo for substrate binding.
Putative substrate-binding site
To investigate the functional roles of these two different disulfide bonds, as well as the conserved aromatic residues surrounding the bound FAD molecule, site-directed mutagenesis was performed at these key residues. Thiol oxidase activities catalysed by these mutants were determined. DTT and reduced lysozyme were used as two different substrates for assays in parallel. Our data showed that both DTT and reduced lysozyme are suitable substrates for BmNPV ORF75. The turnover numbers for DTT and reduced lysozyme were 53.06 and 3.52 min 21 , respectively.
As expected, the introduction of an alanine mutation at the conserved C155-C158 motif abolished thiol oxidase activity when DTT or reduced lysozyme was used as a substrate (Fig. 4b, c) . In contrast, single mutations of the residues C50A and C97A, which disrupted the C50-C97 disulfide bond, had limited influence on substrate oxidation, no matter whether DTT or reduced lysozyme was used as the substrate (Fig. 4b, c) . These data show that the C155-C158 disulfide bond, not the C50-C97 disulfide bond, is essential for activity, which is consistent with the structure observation.
Surprisingly, several BmNPV ORF75 mutants displayed significant substrate preference for DTT than reduced lysozyme. Notably,~10 % thiol oxidase activity was retained for H114A, H161A, K232A and Q235A mutants when DTT was used as substrate (Fig. 4b) . In contrast, less significant thiol oxidase activity reduction (ranging from 30 to 50 %) was observed for H114A, H161A, K232A and Q235A mutants when reduced lysozyme was used as substrate (Fig. 4b) . Nevertheless, all these key residues play very important roles in stabilizing the binding between BmNPV ORF75 and the FAD cofactor (Fig. 2b) . Among them, the aromatic side chain of H114 p-stacks over the adenine moiety of the bound FAD molecule, the aromatic side chain of H161 partially p-stacks over the isoalloxazine moiety of the bound FAD, whereas K232 and Q235 form hydrogen bonds with the pyrophosphate moiety of the bound FAD molecule.
Remarkably, significant differences in thiol oxidase activity were observed for F151A and Y162A mutants when DTT or reduced lysozyme were used as substrates. Full thiol oxidase activity was retained for the F151A mutant (100 % activity) and Y162A mutant (140 % activity) when DTT was used as the substrate, whereas only less than 50 % activity was retained when reduced lysozyme was used as the substrate (Fig. 4b) .
Y162 belongs to the kinked a7 and F151 belongs to the loop linking a6 and a7. Notably, F151 and Y162, together with F106 and F146, form an aromatic cage sitting at the top of the isoalloxazine moiety of the bound FAD molecule, which is located next to the catalytic C155-C158 motif (Fig. 2b) . The significant differences of thiol oxidase activity for different substrates displayed by F151A and Y162A mutants suggest that these residues may play a role in substrate binding (Fig. 2b) . The reduced lysozyme molecule may be targeted at this aromatic cage. The disruption of the cage by mutation may reduce the binding affinity for the lysozyme substrate, hence reduce the catalytic activity. By contrast, the small size of the DTT molecule could bypass the binding requirement and be located directly next to the CXXC motif. Therefore, the mutations at these residues had no influence on catalytic activity.
Alternatively, the replacement of tyrosine with the much smaller alanine residue in the Y162A mutant would increase the accessibility of DTT to the active CXXC motif site. Therefore, the Y162A mutant exhibited significantly higher oxidation activity towards DTT than the wild-type (Fig. 4b) .
DISCUSSION
The orthologue of BmNPV ORF75 in AcMNPV is Ac92, the sequence of which is very similar to our BmNPV ORF 75 sequence. AcMNPV Ac92 is one of the most conserved genes in all sequenced baculovirus genomes and is absolutely essential for budded virus production (Nie et al., 2011; Wu & Passarelli, 2010) . Although the exact function of AcMNPV Ac92 is still largely unknown, Ac92-knockout bacmid-DNAtransfected cells form singly enveloped ODV nucleocapsids. The thiol oxidase catalytic activity of Ac92 plays a role in multiply enveloped ODV nucleocapsid formation because a mutant virus lacking the CXXC motif exhibited singly enveloped ODV nucleocapsids (Wu & Passarelli, 2010) . Therefore, we speculate that the thiol oxidase activity of BmNPV ORF75 could be critical for catalysing the formation of the disulfide bonds of certain BmNPV proteins essential for BmNPV virion assembly.
However, it should be noted that in physiological conditions, Erv family proteins, such as BmNPV ORF75, usually only serve as a disulfide-generating catalyst and other intermediary proteins are required to transfer the disulfide to substrate proteins. For example, Ero1p transfers the disulfide to the substrate proteins via oxidation of protein disulfide isomerase, which in turn exerts oxidative folding of downstream substrates (Frand & Kaiser, 1999) . QSOX also contains Trx-like domains in the N-terminal region, which perhaps mediate a disulfide bond between the Erv-like domain and the substrate proteins (Heckler et al., 2008) .
Hence, certain B. mori Trx family proteins may work in concert with BmNPV ORF75 to catalyse disulfide bond formation of certain BmNPV proteins essential for BmNPV virion assembly. The purification and identification of such Trx family proteins from B. mori are currently in progress using a co-immunoprecipitation approach.
METHODS
Purification and crystallization of BmNPV ORF75 proteins. The full-length BmNPV ORF75 gene was amplified by PCR from BmNPV genomic DNA by using the following primers (59-CTTTAAGAAGG-AGATATACCATGGGCAGCAGCATGATACCGCTGACGCCGC-39; 59-GCCGGATCTCAGTGGTGGTGGTGGTGGTGTTGCAAATTTA-ACAATTTTTTATATTC-39). The recombinant BmNPV ORF75 protein was generated by the insertion of the PCR product into the pET28b (Novagen) vector by a restriction-free cloning method, with a C-terminal His-tag encoded by the vector (Unger et al., 2010) .
BmNPV ORF75 mutants were prepared using a QuikChange II sitedirected mutagenesis kit (Agilent Technologies) and verified by sequencing. Recombinant BmNPV ORF75 and its mutants were expressed in Escherichia coli (BL21/DE3 strain) overnight at 20 uC induced by 0.4 mM IPTG. Selenomethionine (Se-Met)-substituted BmNPV ORF75 was prepared by following the protocol described by Doublié (1997) . Proteins were purified through a Ni 2+ affinity column, Hitrap Q column (GE-Healthcare), followed by a HiLoad Superdex S-75 26/60 column (GE-Healthcare). The purified protein was concentrated to 15-20 mg ml 21 in a Centriprep-30 (Amicon).
Crystals of BmNPV ORF75 were grown at 20 uC using a mixture of 1.0 ml protein with 1.0 ml reservoir containing 10 % PEG3350, 20 mM
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proline, 3 % 1,6-hexanediol and 100 mM HEPES (pH 7.5). These crystals grew to a maximum size of 0.360.360.05 mm over the course of 5 days. Crystals of Se-Met-labelled BmNPV ORF75 were grown under similar crystallization conditions.
Data collection and structure determination. Crystals were flash frozen (100 K) in the above reservoir solution supplemented with 30 % (v/v) glycerol. A total of 360 of SAD data was collected on a Se-Met BmNPV ORF75 at a wavelength of 0.97942 Å and processed by HKL2000 (Otwinowski & Minor, 1997) . The structure (space group C222 1 ) was determined by SAD using SHARP/autoSHARP (Vonrhein et al., 2007) . The structure was further refined to 2.1 Å (0.21 nm) against the native data collected at the in-house X-ray source. The model was built by using the program O (Jones et al., 1990) and refined using REFMAC/CCP4 (Collaborative Computational Project Number 4, 1994) with the crystallographic statistics listed in Table 1 . The coordinates have been deposited in the Protein Data Bank under the accession code 3UST.
AUC. The AUC velocity experiment was performed to determine the molecular mass of BmNPV ORF75 in solution. Sedimentation velocity (SV) and sedimentation equilibrium (SE) experiments were conducted at 20 uC on a Beckman XL-A analytical ultracentrifuge, equipped with absorbance optics and an An60-Ti rotor. BmNPV ORF75 was diluted to 1 mg ml 21 in PBS buffer at pH 7.4. The rotor speed was set at 60 000 r.p.m. for the highest resolution. The sedimentation coefficient and f /f 0 were obtained with c (s) method using the Sedfit software (Schuck, 2000) . SE datasets were processed using the program Origin (Beckman) for detecting multiple equilibria and were fitted to a single ideal species model and a self-association monomer-dimer model using a non-linear least squares fit (Johnson et al., 1981) . The observed molecular mass of BmNPV ORF75 in solution is~65 kDa, determined by both SV and SE methods.
Thiol oxidase activity measurement. Thiol oxidase activity was measured following the published method (Hofhaus & Lisowsky, 2002; Long et al., 2009) . DTT and reduced lysozyme were used as two different substrates for assays in parallel. A 200 ml reaction mixture in PBS buffer (pH 7.4) containing 50 pmol BmNPV ORF75 in complex with FAD (or its mutant) and 0.4 mM DTT (or 500 pmol BmNPV ORF75 with 68 pmol reduced lysozyme prepared as described by Hofhaus & Lisowsky (2002) were incubated at 37 uC. At each time point, the 200 ml reaction mixtures were mixed with 800 ml measurement buffer (2 M urea, 100 mM potassium phosphate pH 7.5, 1 mM EDTA), followed by the addition of 5,59-dithiobis(2-nitrobenzoic acid) to a final concentration of 100 mM. After 30 s, A 412 was determined by UV spectroscopy and the thiol content was calculated using an extinction coefficient of 13 600 M 21 cm 21 .
